In this paper, we describe the formation mechanism of a finished surface in ultrahighspeed grinding under a peripheral wheel speed higher than 200 m/s. Grinding experiments using a grinding machine tool equipped with an active magnetic bearing spindle have been conducted over a range of grinding speeds from 60 to 300 m/s. Moreover, grinding tests for producing some individual grooves using a grinding tool with multiple cBN grit have been carried out to clarify the effects of grinding speed on the side swelling formed along both sides of the grinding grooves. From the results of these experiments, we have confirmed that the roughness of the ground surface decreases with an increase in grinding speed, and this decrease is mainly due to the reduction of the swelling ratio with increasing grinding speed.
Formation Mechanism of Finished Surface in Ultrahigh-Speed
Grinding with cubic Boron Nitride (cBN) Wheels
Introduction
Ultrahigh-speed grinding is a powerful technique for achieving high productivity (1) . In particular, ultrahighspeed grinding with cBN abrasive grains is becoming widely used for high-efficiency machining, such as cam grinding in the field of automotive production (2) . Until now, many studies such as those on the development of the main spindle and the grinding wheel for ultrahighspeed grinding have been carried out (3) - (6) . However, the grinding mechanism in ultrahigh-speed grinding under a peripheral wheel speed higher than 200 m/s is not yet sufficiently elucidated. For the purpose of enhancing the industrial use of ultrahigh-speed grinding, it is important to clarify the mechanism of material removal in ultrahighspeed grinding at speeds beyond 200 m/s.
The purpose of this study is to clarify the formation mechanism of a finished surface in ultrahigh-speed grinding under a peripheral wheel speed higher than 200 m/s. For this purpose, grinding experiments using a grinding machine equipped with an active magnetic bearing spin-dle are conducted over a range of grinding speed from 60 to 300 m/s. Moreover, basic grinding tests for producing individual grooves using a grinding tool with multiple cBN grit are carried out to clarify the effects of grinding speed on the side swelling (7) formed along both sides of the ground groove, which will be directly related to the formation mechanism of the ground surface. Figure 1 shows a schematic view of the experimental setup. To provide high rotation speed for ultrahigh-speed grinding experiments, we used a grinding machine with an active magnetic bearing spindle. The maximum rotational Fig. 1 Schematic view of experimental setup speed and output power are 55 000 rpm and 7.5 kW, respectively. The performance specifications of the spindle are shown in Table 1 . Electroplated cBN wheels having a hub and a flange that were integrally made of Ti alloy were used so as to prevent rotational fracture and vibration. Rotational stresses during ultrahigh-speed grinding can lead to failure if the wheel structure is not correctly designed. The design of the cBN wheel having the hub and the flange in one body was conducted on the basis of FEM analysis.
Experimental Procedure

1 Surface grinding experiment
Experimental conditions are listed in Table 2 . The maximum grain depth of cut g max is given by
where v w is the workpiece speed, v s is the peripheral wheel speed, a is the wheel depth of cut, d s is the wheel diameter and λ is the average successive cutting edge distance. In this experiment, the workpiece speed v w was increased in proportion to the increase of peripheral wheel speed to maintain the grain depth of cut g max constant. cBN wheel was dressed with an impregnated diamond dresser under the following conditions: wheel speed v s = 120 m/s, dressing lead f d = 0.2 mm/rev., dressing depth a d = 2 µ m × 2 times. Table 1 Performance specifications of magnetic bearing spindle Table 2 Experimental conditions for ultrahigh-speed grinding Table 3 Experimental conditions for grinding test using multiple cutting edges
2 Grinding test using multiple cutting edges
In order to grasp the effects of wheel speed on the formation mechanism of the finished surface, grinding tests using multiple cutting edges were carried out, as shown in Fig. 2 . Several cBN grains are fixed on a grit holder by electroplating. This multipoint grinding tool is attached to the peripheral surface of a high-strength aluminum alloy disk. Using the rotation of this grinding tool that has multiple cBN cutting edges, some individual grooves (streaks) are produced on the smoothly finished workpiece surface. In this case, because the successive cutting edge distance λ is πd s , the workpiece speed is increased in proportion to the increase of wheel speed under a constant condition of g max = 1 µm. Experimental conditions for the grinding tests using multiple cutting edges are listed in Table 3 . Figure 3 shows the effect of grinding speed on the roughness of the ground surface in the range of periph- In order to investigate the reason for the decreasing surface roughness, we have observed the ground surface with a scanning electron microscope (SEM) equipped with multiple probes. Figure 4 shows representative results of the SEM images and the 3-dimensional profiles. Many large swellings along the grinding streaks are observed in the surface ground at the conventional speed of 60 m/s. These swellings are fundamentally formed because of plastic deformation caused along both sides of the groove by the action of the grain cutting edge and are generally called side swelling or swell-out residual (7) . From the changes of these 3-D profiles shown in Fig. 4 , it is understood that the side swelling decreases with increasing wheel speed. This result reveals that the decrease of surface roughness with an increase in wheel speed is closely related to the decrease of the side swelling with increasing wheel speed. Accordingly, we have evaluated the surface profile using a bearing curve to clarify the relationship between the surface roughness and the side swelling. The bearing curve is widely used in the characterization of engineering surfaces. It is particularly effective for evaluating the sharpness of peaks of profile curves. Figure 5 shows typical examples of bearing curves calculated from 3-D profiles of ground surfaces. The bearing curve in the case of the conventional speed of 60 m/s is on the leftmost side. This means that the profile curve consists of sharp peaks attributed to the side swelling. However, the bearing curve is successively shifted to the right with increasing wheel speed. That is, the sharp peaks of the profile curve become successively blunt with increasing wheel speed. This suggests that the reduction of surface roughness is mainly due to the reduction of the swell-out residual formed along both sides of grinding streaks.
Experimental Results
1 Effects of wheel speed on the surface roughness
2 Effects of wheel speed on side swelling
The relationship between the surface roughness and the side swelling described above has been concretely investigated on the basis of the results of the grinding test using multiple cutting edges. Figure 6 shows the typical SEM images of the grooves generated at wheel speeds of , that is, the ratio of the cross-sectional area of the groove A to the total cross-sectional area of the side swelling (B 1 + B 2 ), was obtained from the cross-sectional profile curve of the groove, as shown in Fig. 7 . With increasing grinding speed, the swelling ratio decreases and becomes very small at speeds higher than 200 m/s. This result agrees with the above-described result of evaluating the bearing curve.
3 Effects of wheel speed on grinding forces and grinding energy
To consider the mechanism of surface formation from the viewpoint of grinding energy, grinding force components have been measured under a constant speed ratio over a speed range from 60 to 300 m/s. Figure 8 shows the changes of the normal force, the tangential force and the ratio of force components with increasing wheel speed. With increasing speed, the normal force increases slightly, but the tangential force decreases. Consequently, the ratio of force components F t /F n decreases. This result can be illustrated as shown in Fig. 9 . Namely, both angle θ and absolute value, in a vector diagram, of resultant grinding force R at speeds higher than 200 m/s are smaller than those at the conventional speed of 60 m/s. Figure 10 shows the specific grinding energy calculated from the tangential grinding force. The specific grinding energy decreases with increasing wheel speed. The grinding energy at speeds higher than 200 m/s is reduced by 20-30% compared with that at the wheel speed of 60 m/s. This result is closely related to the abovedescribed reduction of side swelling with increasing wheel speed. 
Discussion
To consider the mechanism of surface generation from the standpoint of the material removal process, the morphology of grinding chips was observed with SEM. Typical SEM images of the chips are shown in Fig. 11 . Because of dry grinding, many melted chips are observed. However, grinding chips that are not melted are also observed. These results confirm that the chip thickness decreases and the chip becomes longer with increasing grinding speed. This result indicates that the shear angle increases and the shear strain in the shear zone decreases Fig. 10 Effect of grinding speed on specific grinding energy with increasing wheel speed. On the basis of these results, the differences in formation mechanisms of the chip and the finished surface under conventional grinding and under ultrahigh-speed grinding can be illustrated as shown in Fig. 12 .
Increasing the peripheral wheel speed has the following effects.
( 1 ) The chip thickness decreases and the chip length increases.
( 2 ) Therefore, the shear angle Φ c increases and the shear strain in the shear zone decreases.
( 3 ) Because the shear strain rate increases, the shear zone becomes smaller and then the area of stress distribution becomes smaller (7) . ( 4 ) Consequently, the side swelling formed along both sides of a groove as well, as the plastic flow zone formed just under the groove surface, becomes smaller. At the same time, specific grinding energy also decreases.
Thus, various changes in the material removal mechanism during grinding are induced upon increasing the wheel speed. These changes lead to the good results of decreased surface roughness, tangential grinding force and specific grinding energy.
Conclusions
Ultrahigh-speed grinding experiments using a grinding machine equipped with an active magnetic bearing spindle have been conducted over a range of grinding speeds from 60 to 300 m/s. The main results obtained in this study are summarized as follows.
( 1 ) As the peripheral wheel speed increases, the roughness of the ground surface decreases. This reduction of the surface roughness is mainly due to the reduction of the side swelling formed along both sides of the groove with increasing grinding speed.
( 2 ) As the peripheral wheel speed increases, the normal grinding force increases slightly, but the tangential grinding force decreases. Consequently, the ratio of force components decreases with increasing grinding speed.
( 3 ) The specific grinding energy decreases with increasing grinding speed. The grinding energy at a wheel 
